SURFACE ACOUSTIC WAVE FEJER 

This application is a continuation of application No. 
07/965 J74, filed Oct 23, 1992, now U.S. PaL No. 5^59, 
481, patented Sep. 24, 1996. 

BACKGROUND OF THE XNYENPHON 
L Held of &e Invention 

The present invention generally relates to surface acoustic 
wave (SAW) fUters^ and more particulaiiy to a laddar-type 
SAW filter suitable for an RF C^dio Frequency) filter 
provided in pocket and mobile telq)hone$, such as automo- 
hile phone sets and portable phones. 

2. Description of the Prior Art 

In Japan« an automobile phone or portable phone system 
has a ^ledfication in which a transmission fi^quency band 
is ±8.5 MHz about a center frequency of 933.5 MHz, The 
ratio of the above transmission band to the center frequency 
is approximately 2%. 

Recently, SAW filters have been en^loyed in automobile 
phone or portable phone systems. E is required that the SAW 
filters have characteristics whidi saUsiy the above specifi- 
cation. More specifically^ it is required fiiat the pass band 
width is so broad that 1) the ratio of the pass band to fb& 
center frequency is equal to or greater than 2%, 2) the 
insertion loss is small and equal to 5 dB-2 dB, and 3) the 
suppression factor is high and equal to 20 dB-30 dB. 

la order to satisfy the ^ove requkements, SAW filters are 
substituted for conventional transversal filters. Gene^ally» 
SAW dements are so connected that a ladder-type filter 
serving as a resonator is formed. 

EEG, 1 is an equivalent drcnut of a SAW filter disclosed 
in Japanese Laid-Open Patent Publication No. 52-19044. A 
SAW filt^ 1 shown in HG. 1 comixrises a SAW resonator 3 
In a series arm 2, and a SAW resonator 5 in a parallel arm 
4. The equivalent parallel capacitance Cob resonator 
5 in the parallel aim 4 is larger than the equivalent parallel 
capacitance C^a ^f resonator 3 in the series arm 2. 

Hie SAW filta: 1 shown in FIG. 1 has a characteristic 
shown in FEG. 2. A curve 6 shows an attenuation quantity v. 
firequenqr characteristic of the SAW filter 1. As indicated by 
arrows 7 shown in HG. 2, the suppression fectw increases 
as the equivalent parallel capacitance C^j^ increases. 
However, as the equivalent parallel capacitance C^^^ 
increases, the band width decreases, as indicated by arrows 

8, and the ins^on loss increases, as indicated by an arrow 

9. Hence, the characteristic deteriorates, as indicated by a 
trokcn line 10. When trying to obtain a suppression factor 
equal to or larger than 20 dB, the band width is decreased so 
that the ratio of the pass band to the center fi'cquency is equal 
to or smaller than 1%, and does not satisfy the aforemen- 
tioned specification of fiie 800 MHz-band radio systems, 

SUMMARY OF THB INVENTION 

l is a general object of the present invention to provide a 
SAW filter in which die above disadvantages are eliminated. 

A more specific object of die present invention is to 
provide a SAW filter having a large band widfii, a lai^e 
suppression factor, and a small insertioii loss. 

The above objects of the present invention are achieved 
by a SAW filter comprising: a first SAW resonatot (21, RIA., 
RIB) having a pair of teimiaais and a predeteimtBed reso- 
nance firequency (f^p), the first SAW resonator being pro- 
vided in a parallel arm (24) of tbc SAW filter, a second SAW 
resonator (23) having a pair of terminals and a predeter- 



mined resonance fioequency (f „) approximately equal to the 
predetermined antiresonance frequency of the first SAW 
resonator (f^, the second SAW resonator being provided in 
a series arm (24) of the SAW filter; and an inductance 
5 element (25, LI) connected in series to the first SAW 
resonator. 

BRIEF DESdOPnON OF THE DRAWINGS 

Other objects, features and advanUges of the present 
^0 invention will become more parent firom the following 
detailed description when read in conjunction with the 
accois^anying drawings, in wMch: 

FIG. 1 is an equivalent ckcuit diagram of a conventional 
SAW filter, 

FIG. 2 is a graph of a characteristEc of the conventional 
SAW filter shown in HG. 1; 

FIG. 3 is a circuit diagram of a SAW filter according to fee 
present invention; 

20 FIG. 4 is a block diagram of the basic structure of a filter 
cffcuit using a resonator; 

FIGS. 5A, SB and 5C are diagrams showing a one- 
terminal-pair SAW resonator; 

^ FIGS. 6A and €B are f^iagiram^ showing frequency char- 
acteristics of in^tedance and admittance of tiie one-t^mmal- 
pair SAW rescoiator; 

FIGS. 7A to 7C are diagrams showing an i3tnmittance 
characteristic of a SAW resonator and a filter characteristic 
3Q of the filter shown in FKJ. 3 using that SAW resonator; 
HGS. SAto 8C are diagrams showing the diaractenstics 
of die conventional SAW filter shown in FIG. 1; 

HGS. 9 A and 9B are diagrams showing effects d)tamed 
when an inductance is connected in series to a resonates; 
35 HGS. lOA and lOB are diagrams showing effects 
obtained when n one-temdnal-pair resonators are connected 
in smes; 

HGS. liA and IIB are diagrams showing an aperture 
length dependence on a parallel-arm resonator; 
^ HGS. 12A to I2C are diagrams showing an aperture 
length dependence on a series-arm resonator; 

HG. 13 is a circuit diagram of a SAW filter according to 
a first embodiment of the present invention; 
45 HG. 14 is a diagram showing a band charactrastic of the 
filter shown in HG. 13; 

HGS. ISA and ISB are diagrams showing effects 
obtained when an inductance is added to a parallel-arm 
resonator; 

50 HG. 16 is a plan view of the structure of the SAW filter 
shown in HG. 13 with a lid removed therefirom; 

HG. 17 is a cross-sectloaa! view taken along a line 
XVn— XVH shown in HG. 16; 

HG. IS is a diagram of a SAW filter acccarding to a second 
55 embodimeat of the present iavenfcion; 

HG. 19 is a diagram showing a band charadmstic of the 
filter shown in HG. 18; 
HGSc 20A and 20B are diagrams showing effects based 
^ on the ratio of the ^)erture length of I3hc parcel-arm 
resonator to the aperture length of the sedes-ana resonator; 

HG. 21 is a diagram of a SAW filter according to a third 
embodiment of the present invention; 

HG. 22 Is a diagaram showiag a band characteristic of the 
65 filter shown in HG. 21; 

HG. 23 is a diagram of a SAW filter according to a fourth 
embodiment of die j^esent invention; 
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FIG* 24 is a diagram showing a band charactedstic of the 
filter shown in FIG. 23; 

FIG. 25 is a circuit diagtam of a SAW filter according to 
a fifth embodiment of the present invention; 

HG. 26 is a diagram lowing a band characteristic of the 
filter shown in FIG. 25; 

FIG. 27 is a circuit diagram of a SAW filter according to 
a sixth embodiment of the present invention; 

FIG. 2H is a diagram showing a first one-terminal-pair 
SAW resonator shown in HG. 27; 

HG. 29 is a diagram showing a band characteristic of the 
filter shown m HG. 27; 

HG. 30 is a diagram showing the infiuence of the reQector 
setting position on &e width of a ripple; 

HG. 31 is a plan view of the structure of the SAW filter 
shown in HG. 27 with a lid removed &ercfi:om; 

HG. 32 is a diagram showing a variatioa of the first 
one-terminal-pair SAW resonator shown in HG. 27; 

HG. 33 is a diagram showing another variation of the first 
one-terminal-pair SAW resonator shown in HG. 27; 

HG. 34 is a circuit diagram of a SAW filter according to 
a seventh embodiment of the present invention; 

HG. 35 is a diagram showing the relation between the 
film thickness of the electrode and the ripple occurrence 
position; 

HG. 36 is a diagram showing a state in which a ripple 
arising from reflectors of a parallel-arm resonator has been 
dropped into a high-firequency attenuation pole; 

HGS. 37A. 37B and 37C are diagrams showing a film 
tibickness' dependence on the pass band characteristic of a 
resonator-type filter, 

HGS. 38A and 3SB are diagrams showing the results of 
an e^qseiiment concerning the film thickness* dependence on 
the insertion loss and the ripple ocairrence position; 

HG. 39 is a diagram of a first one-tmntnal-i»air SAW 
resonator according to an eighth embodiment of the present 
invention; 

HG. 40 is a diagram showing a band cbamcteristic of the 
SAW filter shown in HG. 39; 

HG. 41 is a diagram showing a variation of the first 
one-terminal-pair SAW resonator used in the eighth embodi- 
ment of the present invention; 

HG. 42 is a plan view of a stmcture which realizes 
inductors used in the filter shown in HG. 13; 

HG. 43 is a diagram of ano&cr stnicto^e which realizes 
inductors used in tide filter shown in HG. 13; 

HG. 44 is a circuit diagram of a SAW filter according to 
an eleventh embodiment of the present invention; 

HG. 45 is a perspective view of the SAW filter shown in 
Ha44; 

HOS. 46A and 46B are diagrams showing an Immittance 
characteristic of a SAW resonator in which the resonance 
frequency is higher than the anti-resonance frequency; 

HGS. 47A, 47B and 47C are diagrams showing variations 
in the band characteristic of the ladder-type filter observed 
when tiie difference between &e resonance frequency and 
the antiresonance frequency increases firom zero; 

HGS- 48A and 48B are diagrams showing how to raea- 
sure the characieristics of the SAW resonator; 

HG. 49 is a graph showing admittance and irmnittance 
chamctcristics of SAW resonators in the series arm and the 
parallel arm; 



HG. 50 is a diagram showing the frequency dependence 
ondieproduct of bx; 

HG. 51 is diagram showing an equivalent circuit in which 
a part of the circuit shown in HG. 44 is expressed by means 
5 ofLandC; 

HG. 52 is a diagram showmg the relation between Ibx^ 
and Mf^; 

HG. 53 is a diagram showing the relation between and 
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HG. 54 is a circuit diagram of a SAW filter accoidmg to 
a twelfth embodiment of the present invention; 

HG. 55 is a perspective view of the SAW filter shown in 
HG, 54; 

15 HG. 56 is a diagram showing a filtca: characteristic of &e 
SAW resonator shown in HG. 53; 

HG. 57 is a diagram showing a characteristic obtained 
when an output-side admittance of the filter shown in HG. 
64 is reduced; 

HGS. 5SA and 5SB are circuit diagrams of unit sections; 

HGS. 59A, 59B and 59C are circuit diagrams showing 
multi-connections of unit sections; 

HG. 60 is a dia^am showing a connection of two 
25 four-tenninal drcdte and an interface tiberebetween; 

FIGS. 61A. 61B and 61C are drcuit <Hagrams showing 
unit section connecdng ways; 

HG. 62 is a diagram showing how n unit sections are 
cascaded; 

30 

HGS. 63A. 63B and 63C are circuit diagrams showing 
how ladder-type circuits axe configured using &e unit sec- 
tions; 

HG. 64 is a drcuit diagram of a conventional SAW filter; 
35 HG. €S is a drcuit diagram of aSAW filter according to 
a thirteenth embodiment of the present invention; 

HG. ^kB, circuit diagram of a SAW filter according to 
a fourteenth embodiment of the present invention; 

HG. 67 is a diagram showing a SAW filter according to 
a fifteenth embodiment of fee present invention; 

HG. 68 is a perspective view of the SAW filter shown in 
HG. 57; 

HG. 69 is a diagram showing a filter characteristic of the 
^5 filter shown in HG. 68; 

HG. 70 is a circuit diagram of a ladder-type filter in which 
SAW resonators having different resonance frequencies are 
respectively provided in Ihc parallel and series arms; 

HGS. 71A and 7IB are diagrams showing a firequency 
50 characteristic of the admittance of ^e parallel-ann resonator 
and a firequency characteristic of the ini^edance of the 
series-arm resonates:; 

HG. 72 is a drcuit diagram of a wave filter according to 
a sixteenth embodiment of the present invention; 

HG. 73 is a Smithes chart of the wave filter shown in HG. 
72; 

HG. 74 is a circuit diagram of a wave filter according to 
a seventeen^ embodiment of the present invention; 

HG. 75 is a Smith's dtiart of the wave filter shown in HG. 
74; 

HG. 76 is a circuit diagram of a wave filter according to 
an eighteenth embodiment of ^e present Invention; 

PIG. 77 is a Smiih''s diBii or the wave iilter snowB in FIG. 
65 76; 

HG. 78 is a ciroiit diagram of a wave filter according to 
a nineteenth embodinaent of the present invention; and 
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FIG. 79 is a Sniilh's chart of the wave filter shown in HG. 



78. 



DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 3 shows an overview of a SAW filter 20 according 
to the present invention. The SAW filter 20 comprises a first 
SAW resonator 21 having a pair of termiDals^ a parallel anxL 
22, a second SAW resonator 23 having a pair of tennlnals, 
a series arm 24, and an inductor 25. The first resonator 21 
connected to the parallel arm 22 has a predetennined reso* 
nance firequency The second resonator 21 connected to 
file series arm 24 a predetermined resonance frequency 
f„ ^proximately equal to an antiresonance frequency f^ of 
the first resonator 21. The inductor 25 is connected in series 
to the first resonator 21, and provided in fite parallel arm 22. 

The princ^>le of file SAW filter 20 wiii now be described. 
Use of image parameters is convenient to verify whether or 
not a resonance drcuit has a filter charactedstic* The details 
of image parameters are desoibed in the following docu- 
ment Yanagisawa et aL, *The(^ and Design of F2lters^ 
Sai^ Shuppan, mectronics Sensho, pp.192-pp.203, 1974. 

First of all a basic ladder-type circuit having a filter 
characteristic will be described wifii r^erence to FIG, 4. 
IVo black boxes 30 and31 shown in FIG. 4 are respectively 
SAW resonatOTS. For fiie sake of simplicity, it will now be 
assumed that the SAW resonators 30 and31 are respectively 
reactance circuits having no resistance, and fiiat the impede 
ance Z of the resonator 30 provided in the series arm is equal 
to jx, and die admittance Y of the resonator 31 provided in 
the parallel arm is equal to jb. 

According to die image parameter method, an image 
transfer quantity 7 (a conaplex number) defined in the 
following equation has the Important meanii^: 



(1) 



where and I^ denote an mput voltage and an input 
current, respectively, and and I^ denote an ou^ut voltage 
and an output current, respectively. The equation (1) can be 
rewritten as follows: 



(4) 



(2) 
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where A, B, C and D denote parameters of an F matrix 
showing the whole drcuit shown in FiG. 4. When the value 
expressed by die equation (2) is an imaginary number^ die 
two-tenninid-pair circuit shown in HG. 4 has a pass band 
diaracteristic. With the above value bdng a real nunto, die 
drcuit shown in HG. 4 has an attenuation chamct^stic. The 
ABCD parameters can be rewritten using the above- 
mentioaed x and b: 



I>=:l-bx (3). 

Hence, die foliowing equation (4) can be obtained firom die 
equation (2) using die above ABCD parameters: 



When 0<bx<l, diat is, when b and x have die same sign and 
5 are small values, die entire circuit shown in HG. 4 has a pass 
baud characteristic. When bx<0 bx>l, diat is, when die b 
and X have different agns or die product of bx is a large 
vahie, die circuit shown in FIG. 4 has an attenuation 
characteristic. 

10 fii order to qualitatively understand die frequency char- 
acteristics of b and x, the in^}edance and admittance of die 
SAW resonators will not be considered. 

As shown in HG. 5A, a SAW resonator having pair of 
tmninals comprises an interdigital electrode 40 (see ^'NOdcei 
Electronics", November 29, pp.76-K>.98, 1976). A refer- 
ence number 41 indicates a pair of electrodes, 42 indicates 
an i^erture length (crossing width), and 43 indicates m 
interdigital electrode period. When die resistance the 
interdigital electrode 40 is neglected, die SAW resonator 
shown in HG. 5A has an equivalent drcuit 4S shown in HG. 
20 8B, in \rtiich(;, denotes die electrostatic ci^acitance of die 
interdi^tai electrode 40, and denote equivalent con- 
stants. Hereinafter, the equivalent circiut 45 is depicted by 
symbol 46 shown in HG. 5C 
HGS. 6A and 6B qualitatively show an impedance vs. 
25 frcqaencydiaracteiistic(A)of the equivalent drodt shown 
in HG. 5B, and an admittance vs. firequency charactedstic 
I (B) tiiereof . The characteristics shown in HGS. 6A and €B 
i are dcmble resonance characteristics in vMch two resonance 
} frequeades f^ and 4 eadst 1 will be noted diat a resonator 
30 having a ciy^al has a double resonance charactraisUc. When 
the resonators re^»ectively having a double resonance diar- 
; acterisdc are arranged in the series and paraliei arms, 
' respectively, and an andresonance fcequency f^p of the 
parallel arm is made proximately equal to a resonance 
35 frequency f „ of the series ana* a drcuit can be configured 
which has a band-pass-type filter charactedstic having the 
center freqoendes f^ and f^ This is because, as shown in 
an immittance vs. frequency characteristic ^own in HG. 
7A, the relation 0<bx<l is satisfied in a frequency range 
40 around die center firequency f^p^f and that firequency range 
is a pass band, while the relation bx>i is satisfied in a 
fiiequency range slightly away from die center frequency and 
the relation bx<0 is satisfied in a frequency range far away 
&om die center firequency, die latter two firequency ranges 
45 serving as attenuation bands. Hence, the SAW filter shown 
in HG. 4 has a qualitative filter characteristic 47 shown in 
HG.7B. 

A description will now be given of the factors dial 
determine the band widdi in the resonator-Qrpe SAW filters. 
50 As is seenfirom HGS. 7A and 7B, the band widdx is mainly 
dependent on die difference between the resonance fre- 
quency fj. and die antircsonance frequency 4 of each of die 
two resonators. The band wldtii increases as die above 
difference increases, while die band width decreases as die 
difference decreases. The resonance frequency and die 
antlresonance frequency f^ can be determiaed using the 
following equations, using die equivalent circuit constants 
shown in HG. SB: 



55 



60 /^=l/|2 Jt\ (Cixii) 1 
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(5) 
(6) 

0) 



where x denotes die cq)adtance ratio. The ratio of the pass 
band to the center frequency (Mfi^ is mainly dependent on 
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the difference between f ^ and f^, and is &wfore exfffesscd 
in the following expression, using the equations (6) and (7): 

It can be seen fifom the equation (3) that the c^dtance 
latio T is the main factor which determines the ratio of the 
pass band to the center frequency. However* as set forth in 
Japanese Laid-Open Patent Publication No, 52-19044, the 
capacitance ratio is much dependent on the type of substrate 
material used for the interdigital electrode. For example, an 
ST-cut crystal having a small electromechanical coupling 
coefficient has a capacitance ratio x equal to or greater &an 
1300, while a 36** Y-cut X-propagation UTaO^ substrate 
having a large electromechanical coupling coefficient has a 
capacitance ratio t of approximately 15. The ratio of the pass 
band to die center frequency is 0.04% for ST-cut crystal, and 
3.3% for the 36** Y-cut X-propagation LTTaOj sul^trate. 
Hence, the band width is much dependent on the substrate 
mat^ial. 

The band width decreases as the equivalent parallel 
capacitance C^^ increases in order to Inqprove the side lobe 
suppression factor according to Iz^anese Laid-Open Patent 
Publication No. 52-19044. 

The above phenomenon will now be described with 
reference to FIGS. 8A, SB and 8C. As is seen from the 
previous description of the principle of the present 
invention, as the admittance value increases while f^ and f^ 
of the parallel resonator (see, FIG. 8Q are kept constant the 
product of bx has a negadve sign and increases, as shown in 
HG. 8A, However, the bx product increases around the 
center frequency, and hence the range of bx>l increases. 
Hence, the pass band in which the relation 0<bx<i stands is 
narrowed, and a sufELcient pass band caimot be obtained. 
This phenomenon is indicated by arrows in FIG* SB. 

The following two conditions must be satisfied in order to 
eliminate the above disadvantages. The jSrst condition is to 
increase the difference between the resonance frequency 
and the antiresonance frequency in at least one of the 
resonators provided in the series and parallel arms (see FIG- 
SQ. The second condition is to increase eMier the in^ed- 
ance or admittance of the above-mentioned one of &e 
resonators. As the impedance or admittance increases^ the 
side lobe attenuation quantity increases. When the above 
two conditions awe satisfied, the side lobe attenuation quan> 
tity can be In^roved while the pass band is improved or 
prevented from being narrowed. 

Regardmg the first condition, it is effective to provide an 
inductor L coimected in series to a SAW resonator having a 
pair of tenninais in order to increase the dilSerence between 
f ^ and 4. FIGS. 9A and 9B respectively show an impedance 
vs. frequency characteristic of a SAW friter in which an 
Inductor having an inductance of S nH is connected to a 
resonator, and an admittance vs* frequency diaracteristic 
th^eof. The parameters of the equivalent circuits of the 
SAW resonators used for obtaining the characteristics are 
illustrated m FIGS. 9A and 9B. 

FIG. 9A shows an impedance characteristic curve 50 
obtained before the inductor L is connected to the resonator, 
and an hi^dance characteristic curve 51 obtained after the 
inductor is connected thereto. HG. 9B shows an admittance 
characteristic curve 52 obtained before die inductor L is 
connected to the resonator, and an admittance characteristic 
curve 53 obtained after tiie iaductoi L is connected thereto. 

It can be seen from HG. 9A that the inductance L 
increases the distance between the resonance frequency f^ 
and the antiresonance frequency f^. In the graph of HG. 9A, 



the distance is increased by ^approximately 30 MHz. This is 
because, as shown in HG. 9A, the inductance L functions to 
shift the impedance characteristic curve of the original 
resonator upwards to the phis side by dU and hence die 
5 resonance frequency f^ dianges to f/. In this case, the 
antiresonance frequency f^ has Httle variation. The 
admittance, which is the reciprocal of the in^edance, 
changes, as shown in HG. 9B. In this case, the resonance 
frequency f ^ diai^es to f 
10 Regarding the aforementioned second condition, die 
admittance value increases due to die inductance L« as 
shown in HG. 9B. However, as shown in HG. 9A, die 
impedance value decreases in frequencies outside of die pass 
band. Hence, if the inductance L is added to die resonator 
15 provided in die series arm, it is necessary to provide an 
additional means for mcreasing the impedance value. The 
above additional means is, for example, an arrangement in 
whidi a plurality of identical SAW resonators are connected 
in series to each other (cascaded). 
20 HGS. lOA and lOB show an impedance characteristiic 
curve 56 of a resonance arrangement in which n identical 
SAW resonators, each having a pair of termmals, are cas- 
caded. As shown in HGS. lOA and lOB^ the in^edance 
value of the resonance arrangement having the n cascaded 
25 resonators is n times that of die single reson^r. The 
resonance frequency of the resonator widi the inductor L 
connected thereto is f^". That is, the difference between f^." 
and f^ of the resonance arrangement With the Inductor L 
connected thereto is slightly smaller than the difference 
30 between f/ and f^ of a single resonator widi die inductor L 
connected thereto. Howev^, the difference between f / and 
of die resonance arrangement widi the inductor L con- 
nected diereto is iargor than diat without the inductor L. E is 
possible to furdi^ increase the difif^ence between the 
35 resonance frequency and the antiresonance frequency by 
using a larger inductance L. 

In order to inaease the band width, it is also possible to 
select die antiresonance frequency f^ of die parallel arm 
resonator and die resonance frequency f^^ of the series arm 
40 resonator so that f^^f^. In this case, die condition bx<0 
occurs around die center frequency, and hence the afore- 
mentioned pass band condition Is not satisfied. Hence, there 
is a possibility that an insertion loss and a ripple may 
inaease. However, by controlling Af=f„-f^» it is possible 
45 to substantially suppress the inaease in die ins^on loss 
and the npple and to expand the increase in die pass band. 

A description will now be given of embodiments of the 
present invention. The embodiments which will be 
described are based on a simulation. Hence^ diis simulation 
50 will be described first, as well as the results of con^parisons 
between the experimental results and die simulation in order 
to show the validity of the simulation. 

The equivalent circuit shown in FIG. SB easily simulates 
the characteristic of the SAW resonator having a pair of 
55 terminals, while that equivalent circuit is not suitable for 
simulating, with high accuracy, variations in die number of 
figure pairs, the aperture lengdi and the electrode thickness, 
and the effects of a reflector. Widi the above in mind, the 
inventors have proposed an in^soved simulation which uses 
60 a Smith's equivalent circuit model and e^qiands a transfer 
matdK to analyze the SAW resonators (see O. Bcata et aL, 
"1990 UURASOMC SYMPOSIUM Proceedings, voL 1, 
pp.S3~pp.B6. \'^90: the (Msdosisre of which h hereby iucor- 
porated by reference). 
65 FIG. IIA is a gra{^ showing die results of the simulation 
(calculation) for an acrangement in which a SAW resonator 
having a pair of terminals is disposed in the parallel arm. 
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nc. IIB is a gc^h sh(ming theitsQlfis cf ^ es|>^^ 
aa aGtaageme&t in yiMch a one-leniiinal-pair SAW icsonator 
induding a& intetdigital electrode made of Al-2% Cq and 
having a film Oudaiess of 1600 A is disposed in a parallel 
arm, and bonding wires (!>U nH) having a Icngtt of 3 nun 
are connected to the interdi^utal electrode, ft can be seen 
fromHGS. UAand IIB that the calculation values niatch 
the expenment values with respect to variations In the 
resonance points (f^* f,a» ^rs) ^ attenuatLon 
quantities observed around the resonance paints for different 
qtcrtnre lengths {^p^, ISO, 300 pm). 

FIG. 12Ais a gr^h showing tibe results of Ihe sinmlation 
for an arrangement in which a SAW resonatsor having a pair 
of fa^jnals is disposed in tiie series ami (see, HG, 12Q. 
The bonding pads used in the experiment wkicfa will be 
described later were sUgJi^ large, and the simulation was 
carried out taking into account a stray c^acftance 0.5 pF of 
the bonding pads. FIG. 12B is a grs^h showing ttie results 
of the experiment on an anangenuent in which a SAW 
resonatcHT having a pair of terminals is disposed in the series 
arm. B can be seen ftom HGS. 12Af 12B and 12C that Hhc 
anthesonance frequencies f^^, f^ and f^s do not depend on 
the^iperture lengdi and that the simulation res ults match ^e 
experimental results regarding variadons in Ihe attenuation 
quantity around the resonance frequencies. 

Hence, it will be appar^t from &e above that &e results 
of a simulation of the filt^ with the combination of &e 
resonators disposed in the parallel and series arms matdi &e 
results of the experiment The embodiments described 
below are based on the result of simuiatiotts. 

FIG. 13 shows a SAW filtor 60 according to a drst 
embodiinent of the present invention. In Japan, an automo- 
bile and portable tdephone system has a specification hi 
which the ±8.5 MHziange about a center firequency of 933.5 
MHz is a transmission band f<^ mobile tdqthones and the 
±S.5 MHz range about a center frequency of 878.5 MHz 
separated from 933.5 MHz by -55 MHz is a [reception] 
reiection band. The SAW filter 60 accordmg to the first 
embodiment of the preseat invention is designed to foe 
suitable for transmi^ion filters of mobile telephones. 

As shown m HG. 13, two one-terminsd^air SAW reso- 
aatoK R2 and R4 are arranged in a series arm 61, and three 

cme-tcnninal-pair SAW resonators K3 and R5 are 
respectively anrangcd in paialld arms 62, €3 and 64. Induc- 
tMS LI, L2 and L3 are provided m the paraUd arms 62, 63 
and 64, and are connected in series to the resonators R1,R3 
and RS, respectively. Each of fte resonatws RWtS has &e 
mteidigital declrode stractorc shown m FIG* 5 A. The mna- 
bcr of finger pairs is 100, and the ^watsire lei^ is 80 pn. 
The electrodes ate made of Ai-2% Cu , and are 3000 A thicL 
Ibe resonance feeqacndcs of the resonators Rl, R3 and RS 
rcspectivdy provided in the paraUd arms 62, 63 and 64 arc 
912 MHz, and the antosoaancefeequ^des &«a:eof are 934 
MHz. The resonance frcqiiendes of &e resonators R2 and 
R4 respectively provided in the sedes ana 61 are 934 MHz, 
and the antiresonance feequendes fbcxtd are 962 MHz. The 
inductors Lt L2 and U respcctivdy have an inductance L 

The SAW filter 60 having the above structure has a band 
characteristic indicated by a curve 65 shown in FIG. 14. 
Oiaract^aistic curves 66 and 67 in Htt 14 arc lespecdvdy 

obtained when the inductance L is equal to 2 nH and 6 nH- 
A curve n showu in FIG. iSAMiustxates the inducta^^ce' 
dependence on the band ^wdth obtained on the basis of the 
of FIG. 14. The band width is ddSined as &e 
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A curve 71 shown in FES. ISE H^strstes a side ld>e 
suppression fiactor' dependence on the indnctoce obtamed 
on the basis of the gr^hs of FIG. 14 1 can be seen from 
HG. M that a sufficient suppression factor is not obtained at 
a firequency whidi is 55 MHz lower ^an the center fire> 
quency vthssk die indactance L is too large. Ibe above 
in nodnd, an inductance L of 4 nH is sdected The value of 
the inductance Lis suitable sdected in accordance with die 
specification of filters. 

A curve 68 in HG. 14 shows a band characteristic of a 
configuradon in which L1=L2=L3=K) in HG. 13* It can be 
seen from comparison between the band characteristic 
(curve 6S) of ihe first embodiment and that (curve 68) of the 
conventional filter that &e filter 60 accotding to die first 
embodiment has a laigepass bandwidth (arrow 75), alarge 
side lobe suppjcssioa factor (arrows 76), and a low insertion 
loss (arrow 77). 

FIGS. 16 and 17 show a SAW fillfir device 80 which 
fu nctions as the SAW filter 60 shown in FIG, 13. The SAW 
20 filter device SO conpises a ceramic package 81, a filter di^ 
82, and alid83 serving as the ground. The ceramic padcage 
81 is made of alumina ceramics, and has dimensions of 55- 
mm (length)x4 mm (width)xl^ mm (he^t). Electrode 
terminals 84.^-84^ niade of Au are formed on die ceramic 
25 pad3ge81.11iefilterdiip82ismadeof liTaO,, andhas 
dimensions of 2 mm (lei^)xl^5 mm (widih)xO^ mm 
(thickness). 

Resonators R1-R5 are ananged on the fiJter chip 82 so 
that each of the resonators R1-R5 does not own propa^Uion 
paths In common with other resonators. Eadi of the reso- 
nators R1-R5 has an interdiptal electrode made of Al-2% 
Cu in which die number of finger pairs is iOO, the aperture 
lengdi is 80 \m, and the film diidmess is 3000 JL 
Further^ two signal line terminals 85.i and 85. 
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3S bonding and three gcoundtetminds 85.3,85.4 and 85.^ 
bonding are focmed on the sur£Eice of the filter chip' %% 
Reference numbers 86.t-86_5 indicate bonding wires ma& 
of Al or M. The bonding wires 86_i-86_5, each havi^i.. 
diameto- of 25 ymfi^ connects die tennmals 84.1-84., and 
40 the terminals 8S_i-85.j. The bonding wires 86^^ and 86^^ 
respectively ftam parts; of the series arms €la and 61h The 
wire 86_3 is connected between the ground electrode tesmi- 
oals 84^ and 85.3, and &e wire 86^ is connected between 
the ground electrode terminal 84^ and 85^. The wire 86^$ 
45 is connected b^een the ground electrode termmals 84^ 
and 85„5, The wires 86_5-86-^ are Iod^ and, for exau^le, 
2.0 mm long. 

Accosding to die dieoty of hi^ &equend^, a fine, long 
wire has an in<hictance con^nent Accozding to the dieo- 
50 redcal equation of a ribbon hiductor located in a space (see 
Kuraishi, **E3tercise Microwave Circuilf , Tokyo Deaki 
Daigakn Shi^an-Kyoku, pp. 199), die inductances of die 
wires 86^3. 86^ and 86.5 are approximately equal to 1 nH. 
rttl If the high attenuation aad wide pass baad are needed. 
55 it is insuMcieat to obtam an inductance of 4 nH by means 
of only the wires. As will be described later, inductors are 
formed on the ceramic package 81 and the filter chip 82. 
In this maimer, the mdiictors LI, L2 nd L3 are formed. 

A desci:^>tion will now be given of a SAW Siter according 
to a second embodiinent of the present invendon. HG, 18 
60 shows a SAW filter 90 according to the second emhodiment 
of the present invendoB. In FIG. 18, parts that am the same 
as parts shown in die previously described figures are given 
the same reference amBbers. The lesooalof R2 Its tha smes 
aon M has an apertnre len^ As of 80 fm Aresonator and 



n!^i^«i^^«licp^*on the curve wtere the «s the inductor LI ctmMtd m ^ to each otha are 
insertion loss is 3 dB greater than the miniffluiii value. " *f P^,?!?* The lesonator RU has as 
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iaiger than the &pamt length As, bekg tunes the 
^»cctiire length As. The nuoibers and Ns of ing^ pairs 
of the resonators R2 and RIA are 100. 

The Mter 90 ^own in FIG. 19 has a band diaractenstic 
indicated !^ a curve 91 shown in HG. 19. It can be seen 
from coiq>arison between the curve 91 and the characteristic 
curve 6S of die filter ^0 that the filter 90 has an in^oved 
side lobe suppression factor without a diange in the pass 
band width. 

FIGS. 20A and 20B show a band characteristic' depen- 
dence on the aperture length in the filter shown in FIG. 18. 
More particularly, FIG. 20A shows a carve 92 indicating the 
dependence on the aperture length with an in(^ctance L of 
4 oH connected to the resonator, and a curve 95 indicating 
the dependence on the aperture lengdi widiout any indue* 
tance. The horizontal axis of HG. 20A denotes the ratio 
Ap/As, and the vertical ads thereof denotes the side lobe 
suppression factor (dB). HG. 2€(B shows a pass band widdi 
s die ratio Ap/As diaracteristic. A curve 9S indicates the 
dependmce on inductance with an inductance L of 4 nH 
connected to the resonator^* and a curve 96 indicates the 
d^ndence on inductance without any inductance. 

TTie foilowittg can be seen firom FIGS. and 20B. 
Hrst the side lobe suppression factor increases when mak- 
ing tihe aperture lengdi ^ of the resonator RIA in die 
paraUei arm 62 larger tbsm the aperture lengOi As of die 
resonator R2 in die series arm 61. Second the effect of die 
aperture lengdi Ap of die resonator RIA is increased without 
deterioration of die pass band width by providing die 
inductor LI in the parallel arm 62. It can be seen fsom die 
above diat the filter 90 has an in^oved side lobe suppres* 
sion factor while the pass band width is not narrowed, as 
compared to the filter 60. 

A description wiU now be given of a third embodunent of 
the present invention with reference to FIG. 21, in which 
parts that are the same as parts sho\m in the previously 
described figures are given the same reference numbers. 
A SAW filter 100 shovm in FIG. 21 comprises a resonator 
RIB provided in the parallel arm 62, and the resonator R2 
provided in the series arm 61. The number Ns of &iger 
pairs of the resonator K2 is 100. The inductor LI is 
connected in series to the resonator RIB. The number Np 
of finger pau-s of the resonator RIB is 150, and is 1.5 
times the number Ns of finger pairs. The aperture lengths 
As and Ap of the resonators R2 and RIA are 80 ;tm. 

Hie filter 100 shown in FIG. 21 has a band diaracteristic 
indicated by a curve 101 shown in FKr. 22. It can be seen 
fiiom comparison between the band characteristic curve 65 
of the filter 60 and the chamcterisdc curve 101 of die filter 
100 that die filter 100 has an improved side lobe suppression 
factor indicated arrows 102 without ledudng die pass 
band width. It can also be seenfom cosx^jadson l^tween die 
band characteristic curve 91 of the filter M and die diarac- 
teristic curve 101 that the iasartion loss of the filter 100 is 
less than that of the filter 90. Hence, the filter 100 has an 
improved side lobe suppression factor while the pass band 
width is reduced, and has an insertion loss smaller than diat 
ofthefater90. 

A description will now be given of a fourth embodiment 
of die present invendon with reference to FIG. 23, in which 
parts diat are the same as parts shown in the previously 
described figures are given the same reference aumliNers. A 
filtex Il§ acci^rding to the foiHth mbodimeal Is kxesded to 
inaease die difference between die resonance ^equency f^ 
and the antiresonance frequency f^ of the resonator in the 
series ana and to dieret^y in]|«ove die band characteristic. 
Two identical resonators R2 are provided In the series arm 



61, and two identical resonators R4 are provided dierein. An 
inductor Ls having an inductance of 3 nH is connected in 
series to the resonators R2. and anodier inductor Ls having 
an inductance of 3 nH is connected in series to the resonators 
5 R4. The resonators R1,R3 and RS are respectively provided 
in die patalld arms 6Z & and 64. The filter 110 has a band 
characteristic indicated by a curve 111 shown in HG. 24. 

Adescription will now be given of the effects provided by 
adding one inductor Ls and two resonators R2 and R4. When 
10 one inductor Ls and two resonators R2 and R4 are omitted 
from the filter 110, the remaining circuit configuration 
consists of five resonators RL R2, R4 and RS. The band 
characteristic of die reniaining circuit configuration is indi- 
cated by a curve 68 (see FIG, 14). By adding one inductor 
IS Ls, the pass band width is increased, as indicated by arrows 
112 and die side lobe suppression factor is also increased, as 
indicated by arrows 113. Particularly, the pass band width is 
large at fireqaencies higher than the center firequency, and is 
increased by ^jprcedmately 15 MH2. The band character- 
20 isdc with the inductor Ls added to die convendonai filter 1 
is indicated by curve 114. In this case, a su£5dent side lobe 
suppression factor is not obtained. Hence, two resonators R2 
and R4 are fiirdier added to the convendonai filter 1 wldi the 
inductor Ls added dieceto. As Indicated by arrows 115« the 
25 side lobe suppression iactor is imf^oved by approximately 5 
dB widicut redudng the band characteristic, and a band 
characteristic curve HI can be obtained. It can be seen 
comparison between die curves 111 and 68 diat the inserdlon 
loss ^ also in^ved. as indicated by aixows 116. It is 
30 possible to use mcecQ than two resonators R2 and mere than 
two resonators R4. Further, as indicated by die two-dot 
chained line in FIG. 23. inductors can be provided in the 
paraild anos 62-64. 
A descriptioa will now be given of a fifdi embodiment of 
35 die present invention widi reference to FIG. 25, in which 
parts that are the same as parts shown m the previously 
described figures arc given die same reforence numbers- A 
SAW filter 120 shown in FIG. 25 con^rises five resonators 
Rl-RS, and du:ee inductors L1-L3. The inductor LI in the 
40 parallel arm 62 has an inductance Lpl of 4 nH» and the 
inductor L2 in die paraild arm 63 has an inductance Lp2 of 
5.5 nH. Fiirdier, die kductor L3 in die parallel arm 64 has 
an inductance Lp3 of 7 nH. 
By making die inductors LI, L2 and L3 have different 
45 inductance vahies, the filter 120 has a band characteristic 
indicated by a curve 121 shown in FIG. 26. Let us am^are 
die characteristic curve 121 with the characteristic curve 65 
(FKj. 14) of die filt^ 60 shown in HG. 13 m whidi all die 
inductance values are die same as each odier. It can be seen 
50 feom die above diat die filter 120 has an improved side lobe 
characteristic widiout reducing the pass band width, as 
compared to die filter 60. The characteristic ctirve has an 
attenuation pole 123 located around a fequeacy of 902 
MHz, while die characteristic curve 121 has two attenuation 
ss poles 124 and 12Sr^pecdvely located around 875 MHz and 
892 MHz. A frequency band 126 between die poles 124 and 
125 functions as a blocking range 127. 

Adescripdon will now be given of a sixdi embodiment of 
the present invendon witii reference to HG. 27, in whidi 
60 parts that are die same as parts shown in the previously 
described figures are given the same refwence numbers. A 
SAW filter 130 shown in FIG. 27 conges two SAW 
resonators R2 and R4 provided in the series arm 61, and 
three SAW xcsonaim RIB, E3B and R5B xes|?efctively 
65 pnmded in the paraild arms 63 and €4. 

As shown in FIG. 28, die resonator RIB has an exciting 
interdigital electrode 131, and refiectors 132 and 133 respec- 
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tively disposed on bodi sides of the dedxode 131 Ibe 
reflectors 132 and 133 are postdoned so that 0^:0.4 in whidi 
P is obtained from the foUcwiiig equation: 

Where d is the distance between the center of &e electrode 
131 and eadi of the leBectcrs 132 and 133, n is an arfaitraiy 
integer, P is a real nmnbor equal to or less than 1, and X is 
tiie period of theinterdigital electrode 131 coiresponding to 
its resonance ficequency. 

The number of fingo: pairs of each of the reflectors 132 
and 133 is SO* The resonators respectively equqiped vdiSx the 
reflectors are indicated by flie symbol ***** shown in HG. 27* 
The resonators B3B and R£B respectively provided in &e 
parallel arms ti3 and M respectively have two reflectors in 
the same manner as the resonator RIB. 

The Alter 130 shown in FIG, 27 has a band characteristic 
indicated by a curve 134 shown in FKr. 29. As con^^ared to 
the characteristic curve 8S of flie Alter M (FIG. 13), flie 
insertion loss in flie Alter 130 is in^aroved, as indicated by 
an arrow 135. Aiipple r^ adses &om the arrangement of the 
reflectors 132 and 133. 

A descdption will now be given of the reason why the 
reflectors 132 and 133 are arranged in the ^ve-roentioned 
roanncT. The influence of the i^»ple observed wh«& P is 
changed from 0 to 0.5 is iUtt strated t>y a curve 14% shown in 
FIG. 30. The smallest ripple width can be obtained at a point 
141 at whidi p is OA 

HG. 31 shows a SAW Alter device 150 functioning as the 
Alter 130 shown In HG. 27. In HG. 31, parts that arc the 
same as parts shown in Hit previously described Agures are 
given the same reference numibers as previously. The Alter 
device 150 conqdses reflectws 132, 133, 151, 152, 153 and 
154. 

Variations of the one-terminai-pair SAW resonators RIB, 
K3B and R5B will now be described. 

HG. 32 j^ows a first variation RlBa, which ccmiprises 
interdigital dectxodes 1^ and respectiveiy arranged on bofli 
sides of the exdting intecdigital electrode 131. Eadi of the 
intadigitai electrodes 180 and 1S1« which Amctions as a 
reflector, is an electrode in which the eiectricload thereof is 
of a short-drmt type. t 

FIG. 33 shows a second vadatLonRlBb,whidk comprises 
stiqi array type electrodes 167 and 166 respectively arranged 
on both sides of the electrode 131. 

A description will now be given of a seventh en^odiment 
of the present invention with reference to FIG. 34, in which 
parts fliat are the same as parts shown m the previous^ 
described Agures are given the same reference numbers. A 
SAW Altar 170 shown in HG. 34 comprises two SAW 
resonators R2 and two resonators R4 respedxvdy j^ovided 
in the series arm 61, and three SAW resosmtors RIB, R3B 
and RSB respective^ px)vided in the parald arms 62, 63 
and 64. Two xndad:<K^s Ls are provided in the series arm 61^ 
as shown in FIG. 34. 

The filter 170 is obtained by replacing the resonators Rl , 

R3 and R5 shown in FIG. 23 with the resonators RIB, 
R3B and RSB shown in FIG. 28. As has been described 
previously, the reflectors 132 and 133 shown in FIG, 28 
are positioned so that the condition j3=0,4 is satisfied. The 
filter 170 has a loss of the pass band smaller than that of 
the ^ter 110 shown in FIG, 23, and a suppressed rippie, 
A desoipdoB will now be gives of an eighth aE^toSimeiit 
of the present invention, which is intended to ehmin^ the 
li^Jc tj, shown in FIG. 29. ¥ksi of all, a naeans for 
effectively elhninadng the npple arising ficom the refiec- 
tm wili be described. 



The inventors simulated the relationship between the 
fteqaendes at which the r^ple is observed and the 
electrode Mckness. In the simulation, the effects lesultmg 
&om increasing the film thickness of the electrode are 

5 replaced by increasing the ratio between the acoustic imped- 
ance (ZJ obtained under the electrode and flie acoustic 
iiq>edance (Z^) of the free surface. As described in the 
aforementioned Ikata document an increase in the electrode 
thickness increases the weight Uiereot Hence, it is possible 

xo to consider that an increase in die electrode thickness is 
prqKJrtional to an inoease in a discontinuous quantity of the 
acoustic inqwdance. Wth &e above in mini the foUowiag 
equation was prepared: 

15 

where and V^respectively denote sound vdodties on the 
ftee surface and under fee electrode, k^ is the dectrome- 
chanical coupling coef&dent and t is the Shn thkkness of 
the electrode* Then oe(t) was changed as a parameter pro- 
portionaLto the £hn thickness t 

From the equation (9)* ^e center frequency f^ of the filter 
is written as follows: 

25 

The equation (10) is consistent with the well-known experi- 
mental result in which^ as the film thickness increases^ the 

30 center frequency decreases from the center frequency f^* 
obtained when there is no discontinuity of the acoustic 
inq>edance. Ihe results of the simulation show that, as a(t) 
increases, that is, the film diickness increases, the frequency 
position at whidi the tipple Xp appears shifts toward the 

35 higjb-frequency range of the pass band as indicated by an 
arrow iS0 shown in FIG. 35. and finally drops into the 
attenuation pole on the hig^h-frequency side of &e pass band. 
It will be noted that a ripple r^ ^own in HG. 35 Is caused 
by the refiectors of the resonators {^vided in the series arm. 

40 HG. 36 shows an attenuation quantity vs. frequency 
characteristic obtained when a(t>=0.05. A ripple re^ildng 
from the reflectors of ^e resonators in the parallel arms is 
located in fiie attenuation pole on the high-frequency side of 
the pass band. That is, fiiere is no ripple in the pass hand. In 

45 addition, ^e ^^h of HG. 36 shows that the insertion loss 
is v^ small, lii HG* 36, the resonance frequencies of the 
resonators in the parallel and series arms are calitoted so 
that they are located at the frequency position which is 15 
MHz higher than the original frequency position in order to 

50 obtain a center frequency of 932 MHz, because the center 
frequency of the pass band decreases according to the 
equation (10). 

The inventors fabricated chips and measured band 
characteristic thereof ia order to study the reiafcion to the 

55 actual film thickness. 

HGS. 37A, 37B and 37C respectivdy show band char- 
acteristic curves 185, 1S6 and 187 for fiha tihdcknesses of 
2000 A, 3000 A and 4000 A. In practice, &e caater 
frequency is varied by changing the film thickness. The 

60 gr^^of HGS. 37A.3ra and 3?7C have been calibrated by 
changmg &e period of the icterdigital dedrode. 

A ripple r^ resulting from fee resonators in the paialld 
arms is superimposed oa the characteristic c«r;e ISS for a 
Him thickness of 2000 A As the film thickness Increases, the 

65 r^plc r^ shifts to higher feequendes* Ihe e^)erim[ental 
results shown in FIGS. 37A, 37B and 37C are consistent 
with the afcamentioned results of the simulation. 
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However, an ksertioa loss arising fxom a bulk wave* 
whidi cannot be calculated by simulation* and a resistance 
loss appear as the film thickness increases (see Bbata et al, 
"SURFACEACOUSnCWAVE RESONATOR ON LiTaOj 
SUBSTRATE AND ITS APPUCAnON TO OSCILLA- 
TORS FOR USE IN VTR", Journal of the Institute of 
Electronics and Conununication Engineers of Japan, vol, 
J66-C, No.L pp.23-i)p.30, 1988). Further, the correlation 
between the above insertion loss and the resistance loss is 
also a very important factor. 

HG. 38A shows a curve 190 of the insertion loss resulting 
from the bulk wave, and a resistance loss curve 191, A curve 
192 shows an experimental characteristic curve. The inser- 
tion loss is proximately equal to the resistance loss when 
the film thickness is 2500 A. Then, the total loss asainiy 
resulting from the insertion loss starts to increase when the 
film thidmess is approximately 3500 A. 

A curve 193 shown in HG. 38B indicates the frequency 
position of the npplo r^ as a function of the identical film 
thickness of the exciting electrode 131 andtherefiectors 132 
and 133 shown in HG. 28. It is concluded, based on the 
graphs in HQS. 38A and 38B of HG- 38, that the qptimimi 
film thickness thatresults in no npple and little insertion loss 
is between 2600 A and 4000 A. The above optimum film 
thickness can be normalized by the period (4.4 pm at 932 
MHz see HG. 28) of the resonators in the parallel arm 
substantially determined by the center frequency of fiie filter. 
The normalized optimum film thickness is between 0.06 and 
0.09. 

The eightii embodiment of the present invention is based 
on the results of the above consid^alion by the inventors. 

HG. 39 shows a first one-terminal-pair SAW resonator 
200 used in the SAW filter according to the eighth embodi- 
ment The resonator 200 comprises an exciting electrode 
201, and two reflectors 202 and 203 respectively located on 
both sides of the electrode 201. The electrode 201 and the 
reflectors 202 and 203 are made of aluminum (Al) or a 
mixtoe or alloy of Al and a few percentage of other metal 
by weight. The film thickness ti of each of fiie electrodes and 
the reflectors 202 and 203 is equal to 0.06-0,09 times the 
electrode period A SAW filter, in which the resonator 200 
is applied to each of the resonators RIB, R3B and RSB 
shown in HGS. 27 and HG, 34, has a band characteristic 
indicated by a curve 205 shown in HG. 40. It can be seen 
from HG* 40 that &ere is no ripple in the pass band. Use of 
an Al alloy improves the breakdown power performance, as 
con^ared to use of Al, Cu orTi can be mixed with AL 

HG. 41 shows a variation 210 of fiie SAW resonator 200. 
The resonator 210 shown in HG. 41 comprises an exciting 
interdigital electrode 211 and two reflectors 212 and 213 
respectively located on both sides of the electrode 211. The 
electrode 211 and the reflectors 212 and 213 arc made of Au. 
The optimum film thickness of the electrode 211 and the 
reflectors 212 and 213 is determined, taking into account the 
above-mentioned phenomenon caused due to the influence 
of an increase in the weights of the electrode 211 and the 
reflectors 212 and 213. Since the ratio of the density of Al 
to that of Au is 2.7/18,9, equal to 0,143, fee optimum film 
thickness ts is detennined by multiplying the optinuim film 
thickness t^ by 0.143, andis equal to 0.0086-^.013 times the 
electrode period A^. A SAW filter obtained by applying file 
resonator 210 to each of the resonators RIB, R3B and RSB 
has a band characteristic similar to the characteristic shown 
in FIG. 4^}, and does not have any sipple hx the pas^s band 

A description will now be given of the structure of file 
inductors LI, L2 and L3 shown in HG. 13 according to a 
ninth embodiment of the present invenfion. with reference to 
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HG. 42, in which parts fiiat are the same as parts shown in 
HG. 16 arc given the same reference numbers. As shown in 
HG. 42, zigzag microstrip lines 220 and 221 are formed on 
the ceramic package 81 and are connected to the terminals 
5 84_3 and 84_5. Ends of the microstrip lines 220 and 221 are 
connected to the ground. The pattern widfii of each of fiie 
microstrip lines 220 and 221 is 100 imt and the distance 
between the miaostrip lines 220 and 221 and the ground is 
0.5 nam. When fee dielectric constant of the ceramic padcage 

10 »lisequalto9,tfieinductancevaluesofthemicrostriplines 
220 and 221 are equal to 2 nH. 
A description will now be given, with reference to HG. 

43. of a tenfii embodiment of fee present invention which is 
another structurcQftheinductorsLl,L2andU.InHG 43 

IS parts that are the same as parts shown in HG. 16 are dven 
the same reference numbers as previously. IWo zigzag 
microstrip lines 230 and 231 respectiveiy connected to the 
Mfsonators Rl and R2 are formed on the filter chip 82. 
Terminals 85_3 and 8S_s are connected to ends of the 

20 ^crosteip Imes 230 and 231. Each of the miaostrip lines 
230 and 231 is 3000 A thicfc 60 pm wide and 2 mm in 
length. When the dielectric constant of fee filter ddp 
(liROg) 82 is equal to 44. fee inductance of fee microstrio 
hnes 230 and 231 are equal to 22 nH. 

25 it is possible to form inductors by suitably combining fee 
bonding wire 86.3, fee microstrip) line 220 on fee ceramic 
package 81 and fee microstrq) line 230 on fee fiit^ chip 82. 
A description will now be given, wife reference to HG. 

44, of a SAW filter 240 according to an elevenfe embodi- 
30 mcnt of fee present invention. The elevenfe enfeodiment of 

fee present invention is configured as follows. First, fee 
resonance firequency f„ of fee resonators in fee series arm is 
made higher than fee antiresonance firequency f of fee 
resonators in fee parallel arms in order to increase fee pass 

35 band widfe. Second, AM„-f^ is selected so feat fee pass 
band does not have an ^tremdy large loss. 

The previously described eny>odiments of fee present 
mvention require that f^=f^ However, as long as this 
conditiott IS maintained, fee pass band cannot be increased. 

40 la order to increase fee pass band, fee present inventors 
c^idercd a condition f^<f^ as shown in HGS. 46A and 
46B. It is apparent from HGS. 46A and 46B feat bx<0 
mfein a range f^<f<f„ and hence this frequency range is 
changed to an attenuation band according to fee aforemen- 

45 toned feeory. However, in practice, fee product bx can be 
maintained at a very small value by limiting A^f ^ ) 
and the above frequency range can pracdcaUy function aTa 
pass band wifeout any substantial attenuation. 
HGS. 47A, 47B and 47C show band diamcteristics of a 

50 ladder-type mter obtained when fee M=Kf„-f.^) increases 
from zero Hie filter used in fee experiment has a piezo- 
electnc substrate madeof LfFaO^ having an decfromechani- 
cal coupling coefficient of 0.05, and an Al interdigital 
electrode haviagafilmfeicknessof3000 A. The stnicture of 

55 me elec^de is one of two basic units connected so as to 
torm a ladder-^ stractuie, as shown in HG. 44. Each of 
fee basic umts conpises a first resonator in fee paraUei arm 
anda second resonator in fee series arm. ia order to form fee 
"Jgitandoutputpaitsoffeefillerinsymmetrytoeachofe 

60 a tlurd resonator is provided in anofeer parallel arm of fee 
ftaai stage. ApluraHty of basic units are cascaded so as to 
torm a ladd^-type structure ia wder to increase fee side lobe 
suppression factor to a pracdca! value. 
Mowever, me iasertioB loss macasQs as fee number of 

es hmc units to be cascaded increases. Hence, it is preferable 
todetenmnefeenumberofbasicunitstobecascaded,taking . 
into account an actual filter specification. The filter being 
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coasideiced is intended to realize a loss equal to or less than 
2 dB and a side lote suppression factor equal to or higher 
than 20 dB. The interdigital electrode of eadi of the reso- 
nators in the parallel and series arms is designed to have an 
aperture length of 180 \xsa and 50 finger pairs. The ratio 
P=(Cop/Cos) obtained when Cop and Cos are electrostatic 
capacitances of parailel-anu and sedes-arm, respectively, is 
1 because the electrodes of all the resonators have identical 
specifications. 

HG. 47A shows a band characteristic when Af=0. FIG, 
47B shows a band dtaracteristic when A^IO MHz. The 
band characteristic shown in FIG. 47B is improved so that 
the pass band width (in which a loss equal to or less than 23 
dB is ensured) is increased to 40 MHz, while the band 
characteristic shown in FIG. 47A has a pass band width of 
22 MHz. It can be seen firom FIGS. 47A and 47B tiiat the 
pass band width is inproved particularly for low fiequen- 
des. Births, the band charadienstic shown in FIG. 47B has 
an inoproved side lobe suppression factor. More particularly, 
the side lobe suppression factor is iu^roved to 20 dB firom 
19 dB. 

There is a limit regarding improvement due to increase in 
Af . FCG. 47C shows a band characteristic when Af=19 Wiz, 
The pass band widdi slightly deteriorates at high 
firequencies, and tins deterioration is approximately equal to 
2.5 dB, which will increase the ripple in the pass band. In 
FIG. 47C a ripple amounting to ^proximatcty 1.0 dB, 
whidi is fee allowable ripple limit, is obsaved. When M is 
fiirther increased, the insertion loss and the in-band r^le 
increase. Hence, an increase of Afal9 MHz Is the limit 

The product bx obtained when Af=19 MHz was exam- 
ined. In ^ espenment, a SAW resonator provided in a 
parallel arm shown in HG. 44 and a SAW resonator pro- 
vided in a series arm shown th^ein were sqparatdy fabri- 
cated. The admittance of the resonator in the parallel arm 
was measured by means of a circuit configuration shown in 
FIG, 48A» and die impedance of the resonator in the series 
arm was measured by means of a circuit configuration 
shown in FIG. 4SB. The measurement of admittance and 
in^edance was carried out by measuring S21 by means of 
a netwcark analyzer. The measured values of S21 were 
inserted into equations shown in HGS. 4aA and 48B, and 
the impedance and the admittance wa:e calculated. 

A frequency characteristic shown in FIG. 49 was 
obtained, which shows the inaaginary part of the admittance 
or impedance, that is, the value of b or x. The firequen(^ 
dependence of the product bx is as shown in FIG. 50. It can 
be seen from FIG. 50 tiiat the product bx is negative and is 
a small value within fap<f<f„. The maximum absohite vahie 
IbxJ of the product bx is given when: 



and was equal to 0.06 for the embodiment being considered. 
That is, when value Ibx,^ is equal to or siisaiier than 0.06, 
tilc deterioration of the insertion loss can be reduced and the 
in-band i^le can be suppressed to 1 dB or less. If M>19 
MHz, the value of !bx^ increases, and both the insertion 
loss and the in-band ripple will increase to 1 dB or greater:. 
This value is not practical. As a result, the value of Ibx^ 
is a an upper-limit indicator of characteiistic detmoration, 
and determines the allowable value of M. 

Tne above cojQsideration 'svili be generalized. FIG. SI is m 
equivalent circuit diagram of a ladder-type filter d)tained by 
£^proxiniating the SAW resonators by the double resonance 
circuits of LC. The impedance Z, of the SAW resonator in 
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the scries am and m& admittance of the SAW resonator 
in the paraM arm are expressed as follows: 



10 ^^ere ctt^ 0^ cof^, co^ ^e respectively tiie resonance and 
antixesonance frequencies of the series*arm resonator and 
the resonance and antiresonance frequencies of the parallel- 
ana re sonator, and t is the c^dtance ratio (Inherent in &e 
substrate). The above resonance and antiresonance frequen- 
ts des as well as &e capacitance ratio are written as follows: 
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The product bx is calculated tcom the equations (11) and 
(12) as follows: 

bx^C^iiii^'<iPHio„~i^^ (13) 

The angular frequency © which makes the jaroduct bx have 
a pole is obtained from $(hx)/5eos0, and is expressed as 
35 follows: 



(14) 



The vahie obtained by inserting the above into the equation 
^ (13) is the maximum value of the product bx in the pass 



band- That is. 
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i'jw^c<%,<i+i^dy[<:;j,.{i+i/(t.itaif<ivj--^ 



where 



(15) 



50 HG. 52 shows a relation between bx^ and Af/f„ 
obtained by plotting the equation (15) as a parameter P^c^ 
The hatdied area shown in FIG. 52 co£reqK>nds to the 
condition such that the allowaMe value of the product bx is 
equal to or smaller than 0.06 obtained by (he experiment 

55 Hence, the aliowabie value a of Mf^ dependent on FM:;i^ 
Q)^ can be determined, and is written as follows, by inserting 
'^^^WJ^O-O^ tiie equation (15): 



6D 



(17) 
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The capadtance ratio t depends on the substrate material, 
andis ^prosimHtdy 15for36° Y-cutX-fffopagationlil^Os 

accordiag to ?lis exp^im^jnt HcHce, She equation (17) can be 
rewnttea as foliws: 
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oe=:d.67xlO-*/(4.22^l) 



(1: 
(1: 



(18> 



When P=l, then a=0.02, and Af=:19 MHz for the embodi- 
ment shown in HG. 47 having f „ of 948 MHz. That is, the 
equation (18) stands. 

An increase in Af is effective for a piezoeiectric substrate 
material having a small capacitance ratio that is a substrate 
material having a large electromechanical coupling coeffi- 
cient The equation (17) is obtained for such a substrate 
material 

The capacitance ratio x is proportional to fee reciprocal of 
tiie electromechanical coupling coefficient k^. The value of : 
the ratio t for 64** Y-cut X-propagation LiNbOj (k^=0.11) 
and the value of the ratio x for 4P Y-cut X-propagation 
liNbOa are respectively 6.8 and 4*4. The above values arc 
obtained using the t value of 36** Y-cut X-propagation 
liTaOa and lc^5=0.05 (see K. Yamanouchi et al., "Applica- 
tions for Piezoelectric Leaky Surface Wave", 1990 UHHA- 
SONIC SYMPOSIUM Proceedings, pp.ll-pp,18, 1990). 

HG, 53 shows the relation between the capacitance ratio 
X and the electromechanical coi^Hng coefficient Ic^, which is 
obtained using the values of and x of 36** Y-cut 
X-propagation IJTaO, and using sudi a relation that ^ is 
prqjortional to the reciprocal of x. 

From the relation shown in FIG. 53. fee values of the 
capacitance ratios x of 64** and 41° Y-cut X-propagation 
LiNb03 substrates can be obtained and are equal to 6.8 and 
4,4* respectively. 

The structure of the embodiment shown in FIGS. 44 and 
45 will now be described. The SAW filter 240 con^rises a 
36* Y-cut X-propagation LfTaOa substrate 241, and has 
dimensions of 1.5 mmx2 mmxO.5 mm. From the input side 
of the filter 240, a parallei-arm resonator Rpl. a series-arm 
resonator Rsl, a paralld-ana resonator Rp2, a series-arm 
resonator Rs2« and a parallei-armresonator %3 are arranged 
in ^at orden Each of the resonators has reflectors (shart- 
drcuit type) 242 respectively provided on both sides of the 
electrode having an aperture length of 180 ^m and 50 finger 
pairs. Eadi of the reflectors 241 has 50 finger pairs. 

Theparaiiei-armresonators are the same as the series-arm 
resonators except for the periods of &e inta-digital elec- 
trodes. The period of tibie electrode of each parallel-arm 
resonatOT is 4,39 ym (die ratio between the pattern widdi and 
the gap is i:l and hence the pattern width is approximately 
LI pm i=Xpf4)). and the period of the electrode of each 
series-armresonatoris 4,16 pm (the pattern width is 1.04 urn 
(-V4)). 

The respective periods are selected using the following 
equations so that the resonance frequencies (f^, f„) of the 
respective resonators are equal to the respective predeter- 
mined values (f^==893 MHz, f„=942 MHz): 

where V„ is the sound velocity of the surface wave propa- 
gating in the 36"* Y-cut X-propagation liTaOa oystai for an 
electrode thickness of 3000 A, and is experimentally 3920 
m/s. 

The SAW filter 240 having the above structure has a 
band-pass characteristic having a broad pass band and a low 
loss, as shown in HG. 47C in which Al&=19 MHz. When 
only the pattern width in FIG. 4S is changed to 4.35 jim, 
then Af becomes IQ MHz. and tlie characteristic shown In 
HG. 47B is obtained. The electrode is made of an Ai-Cu 
alloy and is 3000 A thick, and is aixanged so that the surface 
wave is prop^ated in the X direction of the piezoelectric 
substrate 241. 
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A dcscnption wiU now be given of piezoelectric sub- 
strates other than 36" Y-cut X-propagation Tir&O.. The 
capacitance ratio t of 64° Y-cut X-propagatioa LiNbO, is 
6.8, and an equation corresponding to the equatioo (171 is 
5 written as follows: 

Ctel.47xi(r»/(437VP-i) ^^^^ 

T 1^ *=?Pa««^nce ratio x of 4r Y-cut X-propagation 
^f^^ IS 4A and an equation corresponding to the equa- 
tion (17) IS written as follows: 
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oe=Z273xlO-V(4.52VF-.i) 



(20) 



20 



25 



30 



35 



40 



43 



50 



55 



60 



65 



As the t value dcacases, that is, the electromechanical 
coupling coemdent increases, a increases, and the chaiac- 
tenstic deteriorales little even if Af increases, 
Adescription will now be given of a twelffli embodiment 

57 A SAW filter 2S0 according to the twelfth embodiment 
of the present invention is a laddcr-typc SAW filter having 
a plurality of basic units (unit se<^ons), each having a SiW 
resonator in the parallel arm and a SAW resonalS^ in the 
sencs aim, and cstabHshes image impedance matdiing 
between adjacent unit sections in order to reduce a loss at 
eadi connection node. Wift the above arrangement it 
becomes possible to reduce the insertion loss in die pass 
band. *^ 

IHie tweif^i embodiment of &c present invention was 
MA ^^-^^ following consideration. As shown in HGS. 
55A and S8B, a band-pass characteristic can be obtained by 

m^ns of at least one parallei-armresonator and at least one 
senes-am resonator. The ladder-type connection compris- 
ing one parallel-ami resonator and one series-arm resonator 
IS the umt section of the filter. 

It is desirable that the resonance ftequency of the scries- 
arm resonator be equal to or higher than the antiresonance 
frequency of the paraUel-arm resonator. Two unit sections 
respectively shown in HGS. SSAandSSB are available. The 
I series arm of the unit section shown in FXG. 58 A [series] 
I serves as the input terminal, and the series arm of the unit 
section shown in FIG. 58B serves as the output terminal. 
A multi-stage connection comprising a plurality of unit 
sections is categorized into one of three types shown in 
FIGS. 59A, 59B and 59C. FIG. 59A shows an 
arrangement in which either the input or the output is a 
series arm and the other is a parallel arm (asymmetrical 
type). FIG. 59B shows an arrangement in which both the 
input and output are parallel arms (symmetrical type). 
FIG. 59C shows an arrangement in which both the input 
and output are series arms (symmetrical type). 

The insertion loss of the multi-stage conaectioa having n 
nmt sections is a dmes diat of the unit section, and the side 
lobe suppresion factca: dsereof is also a times that of the unit 
section. Generally, the insertion loss inaeases, while the 
side lobe suppression is improved. Particularly when the 
insertion loss is aipx)xlmately zero, die multi-stage connec- 
tion is an cflfedive means. However, the insertion loss will 
be larger than n times diat of the unit section unless the 
inqjedaace matching b^een the adjacent unit section Is 
good. If isi^edance matching Is poor, power is rejected 
at the iBtofaces between adjacent umt sectioiss (eadi of the 
iat^aces W-si-a'). The refection of power increases the 
insertion loss. When die power reiectioa occuning at an 
int^ce between adjacent unit scctiom Is denoted by T. the 
loss is ejqptessed as nlOlogOTX Hence, it is important to 
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siq>press increase in ffae isseirtion loss estabffishing an iir^- 
ance matdi between adjacent unit sectioas and sqypicssing 
power reflection at each interface between two adjacent unit 
sections. 

A desoiptiott wiD now be given cf a mctJiod for matHiing 
the impedances of adjacent unit sections. As shown in HG- 
60, when two circuits 1 and 2^ eadi having four different 
tenainal constants (four parameters A B, C and D of an F 
matdx), are connected to each other so that the ufqjedance 
matching therebetween is established, the circuits are 
(^gned so ttiat image impedances obtained by viewing the 
circuits 1 and 2 from an interface b-b' arc equal to each 
othBL An image in^edance 2^^ obtained by viewing the 
circuit 1 from the interface b-b' can be expressed as follows, 
using four tenainal constants Aj. Bi, Ci and of die circuit 



Zii=:N0iWiAi . (2i) 

Sixniiarly, an image itx^jedance obtained by viewing the 
circuit 2 from fiie in^ace b-b' can be escpressed as follows: 

The magt impedances Z,i and Z,-2 are detcxminedregatdless 
of a load resistance (pure resistance) Rq. 

When the equations (21) and (22) are equal to eadi other, 
the following impedance matching condition can be 
obtained: 



BiBx/CiAi^^AjBj^CjDj (23). 

HG. 61A shows a connection having poor ux^pedance 
m^ching, and the condition of the equation (23) is not 
satisfied. Hie reflection factor T obtained by viewing the 
right circuit from the interface b-b* is expressed as follows: 

The values of the Z^ and of a practical element are not 
equal to zero, and hence die reflection factor F thereof is not 
zero. 

In a connection shown in FIG. 61B, an image itnpedance 
Zji obtained by viewing the left circuit from the interface 
b-i* is obtained as follows, using die equation (21): 

2ii -^\z^til^Z,Yp) , (25) 

An image impedance Z^j obtained by viewing the right 
circuit from die interface b-b' can be obtained using the 
equation (22). S wili be noted that Za-Inv Hence, the 
iiapedance matching is established, and the reflection faster 
F at the interface b-b' is zero. The above holds true for a 
connection shown in FIG. 61C. 

A description will now be given of a method for cascading 
a plurality of unit sections in the manner shown in HG. 61B 
or 61C. FIG- 62-(A) ^ows a circuit comprising n unit 
sections (n>2), in which die connection method shown in 
HG. 61B and the connection method shown in FKj. 61C ase 
alternatively en^tloyed. It will be seen from the above 
deso^tion tot there is no reflection at each interface. 

The circuit shown in (A) of FIG. €2 can be modified, as 
showB in (B) of HG. 62, la which, two resonators respec- 
tively ia adjacent parallel nodes are integrated and two 
adjacent resonators in the sedes arm are also iat^cated« The 
series-arm resonator closest to the input of the Alter has an 



impedance value half diat of the resonators located inside 
the above series-ann resonator. Similady, die parallel-aim 
resonator closest to die ou^ut of die Alter has an admittance 
value half that of the resonators located inside die above 

5 paralld-aim resonator. 

HGS. 63A. 63B and &C show confl^nrations obtained 
by applying die above mod^dng mediod shown in FIG. 62 
to die configurations shown in FIGS- 59A, 59® and 59C, 
respectively. M<»e pardcularly, HG. €3A shows an ympod- 
ance matching mediod corresponding to the matching 
melhod shown in FIG. 59A* in which eidicr the input or 
output of the filter is the series arm and the other is the 
parallel arm* In the configuration shown in HG. 63A, the 
inqpedance of the sedes-aim resonator located at one end of 
the filter is half diat of each inner series-arm resonator, and 

15 die admittance of die paralid-arm resonator located at die 
other end of the filto: is half that of each inner parallei-arm 
resonator. 

F£G. 63B shows an impedance matching method corre- 
sponding to die miatching mediod shown in F£G« S9B. In die 

20 configuradon shown in FiG. 63B, eadi of two parallel-atm 
resonators located at respective ends thereof has an admit- 
tance value half diat of the inner paralld-aim resonator: 

F£G. 63C shows an impedance noatdiing mediod corre- 
sponding to diematchuigm^od shown in HG. 59C In die 

25 configuration shown in HG. 63C, each of die two series-aim 
resonators located at respective ends diereof has an imped- 
ance value half that of the inner series-arm. resonators. 

A further description wHl now be given of the twellEdi 
embodiment of the present invendon based on the above- 
so mendoned concept. Hie SAW filter 250 according to die 
twelfdi embodiment has the equivalent circuit shown in HG. 
S4, and die practical structure shown in HG. 55, As shown 
in HG. 54, it has three series-arm resonators Rsl, Rs2 and 
Rs3, and three parallel-arm resonators 1^1, Rp2 and Rp3. 

35 Each of the six resonators has an identical aperture iengdi 
(90 pm), and an identical number of finger pairs (100). Each 
of the resonatois has two short-circuit-type refiectors respec- 
tively located on two opposite sides of die interdigital 
electrode in <Hrder to increase Q. Eadi of die reflectors has 

40 appcoximatdy 100 finger pairs. The series-arm resonators 
Rsl, R53 and Rs3 have an identical finger pedod (A^) of 
4.191 iniL The paraild-ann resonators 1^1, 1^2 and Rp3 
have an identical finger pedod %p of 438 pm, wMdi is 
different fi:om the value of 

45 HG. 64 shows a conventional SAW filter related to die 
SAW filter 250 according to die twelfdi embodiment of die 
present invention. In each of die filters shown in HGS. 54 
and 64, die design specification of each series-arm SAW 
resonator indicated by uiq^edance is such diat the aperture 

50 iengdi is 90 inn and die number of finger pairs is 100. The 
design specification of eadi paralld-aim SAW resonator 
indicated by admittance is die same as die above design 
spedfication. The piesodectdc substrate crystal is made of 
36** Y-cut X-propagation liTaOa. On the crystal substrate, 

55 an interdigital pattern for each SAW resonator formed with 
an Al aOoy pattern having a diickness of 3000 A is provided. 

Curve 251 cf the solid line shown in HG. 56 indicates die 
characteristic of die filter 250. Curve 252 of die broken line 
shown in FIG. 56 indicates the characteristic of die filter 

60 shown in HG. 64. It can be seal fi:om FIG. 56 diat the filter 
25^ has an insertion loss less than diat of die filter shown in 
HG. 64^ and particularly die insertion loss at both ends of 
the pass band in the filter 25^^ is gready improved, 
Cairve 253 shown in FIG. 57 shows a band characteristic 

65 of the conventional fiOiter shown in HG. 64, in whidi die 
number of finger pairs of only the paiaUd-arm resonator 
indicated by admittance Y^ is reduced fix>m 100 to 80 to 
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thexd>y reduce the vahie of the adnuttance Y^^. E can be seea 
from FIG. 57 that the insertion loss in the pass band is 
inquoved. It may be said that die insotion toss can be 
somewhat io^oved even by reducing the admittance of the 
resonator at the end of the filter by a quantity less than Vl 
The above holds true for in^>edance. 

The embodimient based on the basic structure shown in 
FIG* 63A has been described. A vmation in which a number 
of unit sections are provided at the center of the filter has the 
same advantages as the above embodiment 

A descrq)tion will now be given, with reference to FIG. 
6S. of a SAW filter 260 according to a diirteenth embodi- 
ment of &e present invention. Hie SAW filter 260 is based 
on the basic structure shown in FIG. 63B, and has the same 
insertion loss in^xrovement as sliown by die curve 251 in 
HG. 56. 

FIG. 66 shows a SAW filter 270 according to a fourteenfii 
embodiment of die present invention. The filter 270 is based 
on the basic structure shown in HG. 63C The filter 270 has 
the same insertion loss improvement as shown by the curve 
251 in HG, 56. 

HGS. 67 and 68 show a SAW filter 280 accc^ding to a 
fifteenth embodiment of the present InveMion. The present 
embodiment is based on such a consideration that the 
insertion loss d^nds on a resistance conqranent and a 
conductance component of the interdigital electrode. Witih 
the above in mind, the fifteenth eatdxKitment is intended to 
reduce the resistance coiiq)onent of each series-arm resona- 
tor and reduce the conductance conqwnent of eadi parallel- 
arm resonator and to thseby reduce the total insertion loss 
of a filter in which resonators make a ladder-type connec- 
tion. 

RefeningtoFHj. 67. SAW resonators R^^.R^ and R^3 are 
provided in the scries arm. and SAW resonators Rpj, R^^ and 
R^3 are provided in the respective parallel arms. The reso- 
nance ficequency f„ of each of die resonators in the series 
arm is different firom the resonance frequency of each of 
the resonators in die parallel arms. 

it will now be assumed that the admittance of each 
paraliei-arm resonator is expressed as follows: 



(26) 



where g denotes a conductance conq>onent« and b denotes a 
susceptance. Further, it will be assumed that die impedance 
of each series-arm resonatCHr is expressed as follows: 



value at the antiresonance ftequency f^ Further, die sign of 
the reactance component x changes from + to and 
approaches zero from die minus side in a range higher than 
f^ The resistance conqwnent r gradually increases from 

5 zero to die largest value at the antiresonance frequency f^ 
and then gradually decreases. The resistance component r 
assumes only die plus sign. 

In order to obtain a filter characteristic, the antiresonance 
frequency f^^ of die parallel-arm resonator is equal to or 

10 sli^y smaller dian die resonance frequency f„ of die 
series-arm resonator. 

A graph depicted in die lower portion of HG. 71 shows 
the band diaraaeristic of die filter circuit The pass band is 
formed around f^«f„* and the other frequency range serves 

15 as an attenuation range. Jt can also be seen from HG. 71 that 
b and X are respectively zero around die center frequency of 
the pass band. Hence, die pass band diara«^edstic of die 
filter is determined by only r and g^ and the following is 
obtained: 
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S21=10CV(10O1-^f-S0^^25(X) g> 



(28). 



Since r>0 and g>0. S21 becomes smaller dian I as both r and 
^ g increase, and the insertion loss written as 2Qlog,iS2i;^o 
inaeases. Hence, the insertion loss decreases as both r and 
g are closer to zera 

A description will now be given of a consideration 
concerning which part of the interdigital electrode is related 
to die resistance con^nent r and die conductance compo- 
nent g. The above consideration taioes Into account a resis- 
tance r^ ins^ed in the equivalent circuit shown in HG. 5B. 
The resistance r^ is die sum of the electric resi^nce 
component of the interdi^tal electrode and an acoustic 
3^ resistance con^onent corresponding to an energy loss 
encountered while bulk waves generated from ends of the 
fingers are propagated inside the substrate. The resistance 
con^tonent resulting from emission of bulk waves is little 
dependent on the shape of the interdigital electrodes, and 
Tj is hence proportional to the electric reslstaoce [rj of the 
interdigital electrode. Particularly, r=ri arousd the 
center frequency of x=0. 

The conductance con^ionent g of the admittance of the 
parallel-arm resonatoo: is proportional to the conductance 
I/Ti of die electric resistance of die interdigital electrode. 

The following equation is known: 
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(27) 



(29) 



where r denotes a resistance component and x denotes a 
reactance con^nent 

Under the above assumptions, the frequency characteris- 
tics of g, b. r and x are as shown in HG. 71 The susceptance 
coK^nent b (indicated by the dot chained line) of the 
admittance of fht parallel-arm resonator has the largest 
value at die resonance frequency f^. at which die s^ 
diereof changes from + to Furdier, die susceptance 
component b becomes zero at the antiresonance frequency 
f^p. at which the si^ diereof changes from - to +. The 
conductance coiiq»onent g (one-dot chain line) has die 

largest value [is] at the resonance frequency f^, and 
rapidly decreases and approaches zero. The value of the , 
conductance coinpuaeiit g assumes only the pins sign. \ 
The reactance a>mponent x (indicated by the solid line in 
HG, 71) of die in^edance 2, of die series-arm resonator 
becomes zero at the resonance frequency f^ and the largest 
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50 where denotes the resistivity of the fingers of die inter- 
digital electrodes* W denotes the width of each fiuiger. t 
denotes the Mm thickness of each finger, 1, denotes die 
aperture length of die series-arm resonator, and denotes 
the nuiEte of Ss^er pairs. 

52 The conductance component g is obtained as follows if 
the same substrate and the same metallic film as those used 
in die series-arm resonator are employed: 



60 



(30) 



where Ip denotes die aperture lengdi of die paraOel-arm 
resonator, md fht denotes the mmber of linger patrs* It 
will be noted that Po. W and t in the paraliei-arm resonator 
65 are almost die same as diose in the series-arm resonator. 
Hence^ an increase in the insertion loss in the equation 
(28) is expressed as follows: 
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f+SQ^.g + asOO^zj/^.p^/CAf,. V't) + 50- (31) 
W • ( W) + 2500 . At . V . . ptt). 

E caa be seen from equation (31) diat die inseitiofi loss of 
the sedes-ann lesosator becomes smaller as die q>erture 
lengdi 1, decreases and the number of iing^ pairs 
inaeases, and ttat the insertion loss of die paraUd-anii 
resonator becomes smalls as die aper^re lengdi \, increase 
and die number Np of finger pairs dcoeases. Particalaiiy« die 
insertion loss can be effectively reduced when 1^<1 and 
N^^<i, diat is, when die aperdire lengdi of die series*ann 
resonator is smaller dian diat of die parallel-arm resonator^ 
anddie nundxx of finger pairs of die scries-aim resonator is 
larger than die number of finger pairs of the parallel-arm 
resonator. 

The reason for die above will now be described, la 
equation (31), t^c, (r^ dectnc resistance of die sedes-arm 
resonator), and ^l/r^ (r^: electric resistance of die parallei- 
ann resonator)* and dieieforc the following expression can : 
be obtained: 

rf 50rg+2SOO g=r.+50(r/>)f23OD(Wg. 

Hence, an inaease in die msertion loss can be suppressed 
when (r/rp)<L diat is, r,<rp. 

]Qt 1, is too short a loss resuidng from dif&action of die 
surface wave takes place. £f 1^ is too long, a decrease in Q 
of die parall^arm resonator due to resistance increase 
^H^cars, and die side lobe suppression factor is deteriorated. 
Hence, there is a limit on 1, and 1^. 

Ihe equation (31) can be modified as follows: 

r+50r ■ g+2500g=:1s ■ po/(Ns ■ W • ts)+50 • (32) 

( . (iViV;> + ( V . 0 + 2500 . iV^ . . t^{(^ . Po) 

where t, denotes die fihn thidaiess of die metallic film 
forming the interdigital electrode of the series-arm 
resonatoc; and denotes the film thickness of die metallic 
fiha forming die interdigital dectrode of die paraOel-arm 
resonator. Hence, the inseatlon loss can be redact when 

It is possMe to use resonators, each having two different 
metaliic films having diffarat resktivity values (p^^ 
and to acrange these resonators in die parallel and series 
aims, so diat p^p^<l can be satisfied. Howevea; diis is not 
pracdcalitt tenns of mass productivity. 

A furdier description will be given, widi reference to 
HGS. 67 and 68, of die fifteenth embodiment based on die 
above concept A piezoelectric substrate 241 is formed- of 
36** Y-cut X-jffogagation liXaOa, and an electrode is made 
of Ai and 3000 A duck. 

Conventionally, in eadi of die paralid and series arms, 
h-\r^ m> Np=sN,=m In die {»escnt embodiment, 
i^=4S pa and N =2(K) in die sedes arm, wiiile lp= 180 pm and 
Np-50 in the paralid arm. That is» 1^1^ and Np^N . Rurther, 
1^=0.25, and Np/N,=0a5, The electrostatic Q, of die 
interdi^tal electrode based on the product of the nmnber of 
finger paks and die aperture lengdi is kept constant 

In FIG* 69, solid line 281 indicates die charactedstic of 
die present embodiment and tsoken Hne 292 indicates the 
diaractedstic of die conventional filter. The conventional 
filter has an insertion loss of 25 dB, while the present 
e;x\lK)dkaem has aa iusertioH loss of 2,0 4B, That b, fbs 
insertion loss Is liispoved by 0.5 dB, in odier words, 23%. 
Flsrdier^ since an increased number cf finger pairs of die 
series-ami resonator is used, die breakdown power perfor- 

25 



mance is iocfroved, and the applicable maTiTT>Hm power is 
in^roved by 20%. 

In the present embodiment, a diffiraction loss appears 
when 1, is equal to or less dian 30 pm, and them side lobe 

s starts to deteriorate when 1^ is equal to or larger dian 300 |mi. 
Hence, the 1^ and ^ are limited to die above values. 1 can be 
seen from the above diat die inserdon loss in die pass band 
is in^oved by decreasing the electric resistance of die 
smes-arm and inaeasing the electric resistance of die 

10 paralid aim (decreasing die conductance). It is also possible 
to use a paralid-anxL resonator having a fOm thickness larger 
than diat of die series-arm resonator. Even with this 
structure, it is possible to reduce the insertion loss in die pass 
band. 

15 A description will now be given, with reference to FIG. 
72, of a wave filter according to a sixteendi embodiment of 
the present invention. The wave filter (branching filter) 
shown in HG. 72 con^rises two SAW filters Fi and F2 
having input tecininals connected to a pak of common signal 

20 terminals TO via common nodes a and b. The SAW filt^Fl 
has a pair of signal tmninals Tl, and the SAW filter F2 has 
a pair of signal tenninals T2. A pair of signal lines Ij^ and 1^ 
connect the nodes a and b to die SAW filter FL and another 
pair of sig^ fines ij^ and 1^ connects the nodes a and b to the 

25 SAW filter 

The SAW filter Fl coixpises a series-arm SAW resonator 
Rso, and a paralld-ann SAW resonator Rp, which resonators 
arc configured as has been described previously. The reso- 
nator Rso is connected to die common node a, and hence 

30 serves as a resonator of the first stage of the SAW resonator 
Fl. Apluralily of pairs, each pair of series-arm resonator and 
paralld-arm resonator are cascaded in the SAW filter Fl. 
The SAW filter F2 is configured in die same manner as the 
SAW filter Fl. 

35 The SAW filtCTS Fl and F2 respectively have dlffaent 
band center frcquendes. For exanqile, die SAW filter Fl has 
a band ccntor frequency f I of 887 MHz, and die SAW filter 
F2 has a band center frequency of 932 MHz, In Ms case, 
the firequency f ^ is lower than the frequency fj. 

40 FIG. 73 is a Smith's diart of die wave filter shown in FIG. 
72. In FIG. 72, P mdicates the pass band of the wave filter, 
A in<Ucates a low-fi:equency-side attenuation band, and B 
indicates a high-frequency-side attenuation band. It can be 
seen from FIG. 73 that die chaxacteristic impedance of die 

45 circuit shown in FIG. 72 is equal to 50 Q, while the 
impedances of the attenuation bands A and B are greater than 
50 Q. This means that the wave filter shown in HG. 72 has 
the impedance characteristics of the respecdve band-pass 
filters. 

50 A description will now be given, widi reference to FIGS. 
74 and 75^ of a wave filter accocdlng to a seventeenth 
embodiment of die present invention. In FIG. 74, parts that 
are die same as parts shown in die previously described 
figures are grvea the same reference symbols. 

55 As has been described previously, the SAW filters Fl and 
F3 satisfy die condition f i<f2. If die SAW band-pass filters 
Fl and F2 have characteristics as shown in FIG. 75, the filter 
Fl is maintained in a high-impedance state within die pass 
band fi^quency band of die filter F2. In diis case, diere is no 

60 need to provide an in^dance matching drcuit M to the 
filter Fl, and die same characteristic as the characteristic of 
die filter F2 alone can be obtained. 

However, the Mter F2 dots mt bi^ve tt higb iispfsdaBce 
widiin the iow-:&equency atleniiadoB band A theieof , md 

65 crosstalk may talsB place. Hence, it is necessary to increase 
the impedance within the iow-fiequency attennadon band A 
of die filter F2. 
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